The lipid changes that occur in the eyes and aortas of male Dutch belted rabbits maintained on 1% dietary cholesterol for 1 to 3 months were studied. In the cornea, iris, ciliary body, and aorta, the most noteworthy lipid change was in tissue cholesterol, which increased with increased time of feeding cholesterol. The phospholipid content of all the tissues increased to a lesser extent but followed the same pattern as cholesterol with respect to time. No changes in tissue triglyceride could be detected during the experimental period. The iris had the capacity to accumulate large amounts of cholesterol. The total iridic tissue (average wet weight, 75 mg/rabbit) accumulated an average of 10.2 mg of cholesterol after the rabbit had eaten a 1% cholesterol diet for 3 months; the average increase was 14.2 mg in aortic tissue (average wet weight = 380 mg/rabbit). The severity of disease graded visually correlated with the cholesterol concentration in the cornea and aorta. Using cholesterol concentration as the criterion, no significant correlation between aortic and comeal disease was found (P>0.10), but a good degree of correlation (P<0.01) existed between the severity of iridic and aortic involvement over the 3-month experimental period.
ADDITIONAL KEY WORDS triglyceride cornea cholesterol ciliary body phospholipid • It has been known for many years that rabbits given dietary cholesterol develop eye lesions in addition to aortic atherosclerosis (1) . Cogan and Kuwabara (2) and Janes (3) described the changes that occur in different parts of the rabbit eye as a result of cholesterol feeding. Histologically, the lesions in both the eye and in the aorta were characterized by the accumulation of large amounts of sudanophilic material and the presence of numerous foam cells. These findings suggested that there might be a relationship between the development of the eye and aortic lesions in cholesterol-fed rabbits. In an attempt to find out if such a relationship exists, we investigated the development of lesions in various parts of the eye and aorta with respect to their lipid composition.
Methods Animals,-Male Dutch belted rabbits 1 weighing 1260 to 1800 g were divided into two groups. Five animals were fed ground rabbit pellets 2 for 3 months and served as control animals. The other group, consisting of 15 animals, was fed the same diet plus 1% cholesterol; cholesterol 3 was dissolved in chloroform and then mixed with the food, and the chloroform was then allowed to evaporate. All animals were allowed food and water ad libitum during the experiment.
Corneal changes were studied with either the unaided eye or a binocular eye-loupe (Binoc-Loupe 4 ) (2x) at 2-week intervals during the 97day experimental period. To establish a semiquantitative measure of corneal disease, an arbitrary grading system was devised. The grading system used is outlined in Table 1 . The grading was performed by two observers who had no knowledge of the prior treatment of the animals.
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Plasma Samples.-Following the topical application of one drop of a 0.5% solution of tetracaine hydrochloride in saline to the eye, approximately 2 ml of venous blood was drawn from behind the eye via retrobulbar puncture (4) into heparinized tubes on days 0, 28 (1 month), 62 (2 months), and 97 (3 months). Plasma was obtained by centrifugation of heparinized blood at 3000 rpm for 10 minutes. Plasma extracts were prepared by pipetting 0.5 ml of plasma into 5 ml of absolute ethanol. The mixture was taken to boiling, allowed to cool, and filtered into a 10-ml volumetric flask. The precipitate was washed with an additional 4 ml of warm ethanol; the ethanolic extracts were pooled and the volume was adjusted to 10 ml with ethanol.
Since the use of retrobulbar puncture as a method for blood sampling involves the rupture of the ophthalmic venous plexus, the eyes were examined weekly for evidence of impaired blood flow. No chemosis or conjunctival injection, indicative of impaired orbital circulation, was seen on physical examination. Funduscopic examination revealed no evidence of retroarterial constriction or venous engorgement, indicating that the bleeding technique used did not interfere with the blood supply to the eye. In addition, gross examination of the eye just after the animal was killed failed to reveal the presence of scar tissue or residium of old hemorrhage in the sclera.
Tissue Samples.-Four cholesterol-fed animals were killed after 1 month and four after 2 months. At the end of the third month, seven cholesterol-fed and four control animals were killed. All animals were killed by cervical fracture, and the eyes and aorta were immediately removed.
The cornea, iris, and ciliary body were carefully isolated. Visibly abnormal areas of the cornea were separated from the remainder of the tissue. Tissues were rinsed with physiological saline, blotted, weighed, and placed in 5 ml of absolute ethanol. The samples were brought to boiling and filtered. The tissues were extracted with two additional 2-ml volumes of hot ethanol, and the extracts were combined. After removing the ethanol under nitrogen at room temperature, the residues were transferred into volumetric flasks with three 3-ml volumes of hexane, and the total volume was adjusted to 10 ml with hexane.
Aortas (consisting of the arch, thoracic, and abdominal areas) were carefully stripped of all adhering tissues, slit longitudinally, and graded according to Duff and McMillan (5) using unstained tissue to avoid interference with subsequent chemical analyses. Grading was performed independently by two observers who had no prior knowledge of the treatment of the animals. 
Criteria for Gross Grading of Corneal Lesions
Grade
Corneal appearance Clear + 1 Whitish deposit, 0.1 to 0.5 mm wide adjoining sclera. Deposit is not continuous.
+2
Deposit is continuous and forms a ring adjacent to sclera, 1 to 2 mm wide.
+3
Same as +2, but deposit is 2 to 3 mm wide. Only small part of iris is visible.
+4
Same as +3, but deposit is more than 4 mm wide.
After grading, the aortas were divided into atheromatous and medial plus adventitial layers when possible. The tissues were rinsed with physiological saline, blotted, weighed, and extracted with 175 ml of absolute ethanol in a Soxhlet apparatus for 24 hours. The ethanol was evaporated under nitrogen in a steam bath, and the residue was extracted with four 10-ml volumes of n-hexane. The hexane extracts were combined and brought to a total volume of 50 ml for analysis of lipid. Chemical Analyses.-Cholesterol was determined according to Searcy and Bergquist (6) following saponification in alcoholic KOH (7) .
Total lipid phosphorus was determined by the method of Bartlett (8) . Phospholipid was calculated by multiplying the lipid phosphorus by 25. Triglyceride was measured by the method of Van Handel and Zilversmit (9) .
Extraction Method.-Methods for the extraction of lipids from animal tissues commonly in use require that the tissue be finally divided by homogenization, shredding in a blender, or grinding. In tissues that are relatively rich in •Extracted with hot ethanol; fextracted with chloroform-methanol; ^concentration j n mg/g wet weight of tissue.
connective tissue, grinding the tissue is a troublesome and time-consuming process. During this experiment, it was found that hot alcohol could be satisfactorily used as a lipid extractant directly on intact eye tissue. The efficacy of the hot alcohol extraction method was tested by comparison with chloroform-methanol extraction. Eyes were obtained from three normal rabbits, and the cornea and iris of the left eye were extracted with hot ethanol, as described above, while the corresponding tissues of the right eye were extracted according to Folch et al (10) . The cholesterol and phospholipid contents of the extracts were determined and the results are shown in Table 2 .
Statistical Methods.-Data in which visual grading was employed was analyzed using Spearman's rank correlation coefficient. All other data were analyzed using the t-test. Values of P > 0.05 were not considered significant.
Results
PLASMA
The inclusion of 1% cholesterol in the diet resulted in a rapid elevation of plasma cholesterol in 14 of the 15 animals. The one rabbit that did not respond and one control rabbit that died during the experimental period were not included in this study. The average plasma cholesterol, which after 1 month was 2077 mg/100 ml (range: 1200 to 3276 mg/100 ml), reached a final value at the end of the third month of 2833 mg/100 ml (range: 2374 to 3031 mg/100 ml) versus 36 mg/100 ml (range: 30 to 51 mg/100 ml) in the control animals. Plasma phospholipid concentration was also markedly elevated in the cholesterol-fed animals. Rabbits that received 1% dietary cholesterol for 3 months had an average plasma phospholipid concentration of Circulation Research, Vol. XXJII, November 1968 656 mg/100 ml (range: 580 to 815 mg/100 ml) compared to 87 mg/100 ml (range: 59 to 136 mg/100 ml) for the controls.
CORNEA
Visible Changes.-Corneal involvement was visible in all animals fed 1% cholesterol ( Fig.  1 ). In the early stages, one or more small white areas, approximately 0.1 mm wide and 1 to 3 mm long, developed in the cornea adjacent to the limbus (junction of the cornea and sclera). The whitish areas increased in width and length and in many rabbits eventually formed a complete circle. The white band was not uniform in width, and in most cases there were discrete areas of more severe involvement in which the affected portion of the cornea was from 1 to 3 mm wide. In the more involved areas, there was also extensive vascularization. After the initial appearance of corneal involvement, which occurred between 14 and 28 days in the cholesterol-fed rabbits, there seemed to be little change in the severity of the corneal lesions in most of the animals during the second month. Although the average visual grade increased slightly at the end of 2 months, it was not significantly different (P>0.05) from that found after 1 month. During the third month, however, the corneal lesions again became more severe, (P < 0.001, after 1 month versus after 3 months). No changes were seen in rabbits maintained on the control diet during the experimental period. Table 1 .
Vertical lines indicate ± SEM. cholesterol-fed animals, it was possible to separate the abnormal portion of the cornea from that which appeared grossly normal. Both the abnormal and normal areas of the cornea were analyzed separately for cholesterol and phospholipid. The results are presented in Table 3 . The cholesterol concentration was low in the normal cornea (0.29 mg/g). After 1 month on the cholesterolsupplemented diet, there was a ninefold increase in the cholesterol concentration of the whole cornea. However, during the second month, no change was observed in either total cholesterol or cholesterol concentration of the whole cornea. The third month of cholesterol feeding was characterized by an increase in both total cholesterol content and cholesterol concentration (28-fold and 21-fold increase over control animals, respectively). At all the time intervals studied, the increase in the cholesterol content of the whole cornea was a result of the increased cholesterol content of the abnormal area. In eyes obtained from rabbits maintained on dietary cholesterol for 3 months, the area of the cornea which appeared grossly normal, had essentially the same cholesterol content as corneas taken from the control animals. Findings similar to those described above for cholesterol were made for phospholipid concentration ( Table 3 ). In the abnormal portion of the cornea, there was a twofold increase in the phospholipid concentration over that found in corneas taken from control animals after 1 month of feeding. At the end of the second month, the phospholipid concentration and total phospholipid content of the abnormal area of the cornea was essentially the same as that found at the end of 1 month. After 3 months of feeding there was an increase in total phospholipid (P<0.001), whereas phospholipid concentration, although elevated, was not statistically different from that at the second month. In the visually normal portions of the corneas taken from cholesterol-fed rabbits, although there seemed to be a small but constant increase in the phospholipid concentration with time, this change was not statistically significant. Unlike cholesterol, it was not possible to follow the phospholipid changes in the abnormal area by analyzing the whole cornea. Only after 2 and 3 months of feeding could significant changes in the phospholipid concentration and total phospholipid of the whole cornea, respectively, be seen.
IRIS AND CILIARY BODY
The Dutch belted strain of rabbit is unsuitable for direct visual inspection of the iris because the iris is pigmented. Therefore, the changes in lipid were the only means possible of assessing iridic involvement. The ciliary body was studied for comparison with the cornea and iris.
The changes in cholesterol and phospholipid contents in the iris and ciliary body as a result of cholesterol feeding are shown in Significance between cholesterol-fed and control group: *P < 0.02, §P<0.1, UP < 0.01, **P < 0.001. Visual assessment of atherosclerosis in aortas from rabbits fed 1% dietary cholesterol. The atheromas were graded by the method of Duff and McMillan (5) using unstained aortas. Table 4 . Values for total cholesterol or phospholipid of the ciliary body are not reported due to the difficulty of removing this tissue completely. During the first 2 months there was a linear increase in the total iridic cholesterol which averaged 1.09 mg per pair of irises per month in cholesterol-fed animals. The biggest increase in total cholesterol, observed during the third month, was 7.96 mg cholesterol per pair of irises. The increase in total cholesterol was also reflected in the cholesterol concentration. The concentration of cholesterol in the ciliary body was essentially the same as that in the iris for all time periods studied. Changes in iridic content of phospholipid were much less pronounced than those of cholesterol. In spite of this, the total phospholipid and phospholipid concentration was increased significantly by the end of the first month. However, the biggest increase in iridic phospholipid was found during the third month of cholesterol feeding (1.57 mg phospholipid per pair of irises). As for cholesterol, the phospholipid concentrations in the iris and ciliary body were essentially the same during the course of the experiment.
AORTA
Visual Grading.-The degree of atherosclerosis was assessed separately in the arch, thoracic, and abdominal aorta after 1, 2, and 3 months of cholesterol feeding. As shown in Figure 2 , the degree of involvement present after 1 month was minimal. By the end of the second month, the aortas were extensively involved and animals that received cholesterol for 3 months were the most severely affected. At all time periods examined, the arch was the most involved, the thoracic aorta was the least affected, and the abdominal aorta was intermediate in severity between the arch and thoracic aortas. No visible disease was seen in aortas from control animals.
Aortic Lipids.-When possible (in animals fed cholesterol for 2 or 3 months) the atheromas were separated from the remainder of the aorta (media plus adventitia), and the two tissues were analyzed independently. The results are presented in Table 5 . No significant difference was found in either the cholesterol or phospholipid content of the aorta after 1 month of cholesterol feeding. After the second and third months, there was a 5-fold and 13-fold increase, respectively, in the total cholesterol content of the whole aorta over that of the control animals. The major portion of the total cholesterol was found in the atheroma, whereas the total phospholipid was equally divided between the atheromatous tissue and the media plus adventitial layer. The concentration of both cholesterol and phospholipid was greatly elevated in the atheroma compared to the media plus adventitia.
It has been shown by other workers that the visual assessment of aortic lesions is correlated with the cholesterol content of the aorta expressed either as total cholesterol (mg /aorta) (11) or as cholesterol concentration (mg/100 g wet wt.) (12) . When the visual corneal grade is plotted against the corneal cholesterol concentration in mg/g wet weight, a high degree of correlation was found at all time periods studied (Fig. 3, A) . The data for the aorta are shown for comparison ( Fig.  3, B) .
The results reported above suggested that the extent of both the eye and aortic involvement is related to the cholesterol content of these tissues. Using cholesterol concentration as a measure of atherosclerotic involvement, no significant correlation was found between comeal and aortic disease (P>0.1, Fig. 4 , A). However, when the cholesterol concentration of the iris versus the aorta was plotted ( Fig. 4, B) , the correlation between the two tissues was found to be significant (P <0.01).
Discussion
The cholesterol-supplemented diet used in this experiment was effective in producing aortic atherosclerosis and eye disease. At all time intervals studied, namely, 1, 2, and 3 months, 100% of the animals had visible aortic disease and corneal disease. An interesting observation could be made on the development of the comeal lesion, namely, that the severity did not increase consistently with time. After 1 month on the \% cholesterol diet, all animals had visible lesions, but during the second month, only a few corneal lesions increased in severity, whereas most seemed to remain the same. By the end of the third month, the lesions again increased in severity. It was further observed that a lesion could increase in severity from +1 to +2 within less than 2 weeks.
The distribution of aortic plaques found in this experiment differed from that normally seen in cholesterol-fed rabbits, in which the arch is the most severely involved followed by the thoracic aorta and the abdominal aortic segment, which is the least affected (13) . The animals used in this study were also the most severely affected in the arch, Circulation Reiearcb, Vol. XXIII, November 1968 but the abdominal aorta was consistently more involved than the thoracic aorta. In spite of this apparent anomaly, the lipid composition as well as the correlation of visual grade with cholesterol content of the aortic plaques was in agreement with the findings of others (11, 12, 14) .
One way of gaining insight into the possible relationship between the visible aortic and eye disease was to determine the lipid composition of both tissues. Janes (3) concluded that the diseased eye tissue found in rabbits fed cholesterol contained large amounts of lipid on the basis of its staining properties. However, the histologic staining procedures used did not permit a determination of the nature of the lipid present. Cogan and Kuwabara (2) described the appearance of birefringent crystals in addition to sudanophilic material in the iris and ciliary body of cholesterol-fed rabbits, suggesting the presence of large amounts of cholesterol in these tissues. In the present study it was found that cholesterol is the principal lipid which accumulates in the cornea, iris, and ciliary body of hypercholesterolemic rabbits. Phospholipid also increased in these tissues, but to a much lesser degree. In the cornea, where it was possible to separate the visually diseased from the normal tissue, the increased cholesterol and phospholipid content of this tissue was localized in the diseased area only. Although corneal cholesterol, which in the control rabbits is low (0.29 mg/g) increased 20fold (6.1 mg/g) after 3 months on the 1% cholesterol diet, the most striking increase in tissue cholesterol was found in the iris and ciliary body and reached final values of 67.1 mg/g and 57.0 mg/g, respectively. These findings are in agreement with those of Rubenstein et al. (15) , who found large increases in iridic and ciliary body cholesterol in New Zealand white rabbits after 10 weeks of a 2% cholesterol diet. In the present study, the capacity of the iris to accumulate cholesterol was particularly noteworthy. Thus, the total iridic tissue, which weighed approximately 75 mg wet weight/rabbit in normal animals, accumulated an average of 10.2 mg of cholesterol after 3 months on the cholesterol-supplemented diet compared to an average increase during the same time period of 14.2 mg in aortic tissue, which had an average wet weight of 380 mg/rabbit. It was also observed that the initial rate of cholesterol increase in all the eye parts studied exceeded that found in the aorta. Thus, the cholesterol concentration of the cornea, iris, and ciliary body increased 8.9-, 9.8-, and 7.2-fold, respectively, during the first month of cholesterol feeding compared to a 1.4-fold increase in aortic cholesterol concentration.
In general, the change in tissue phospholipid was found to parallel that of cholesterol in both the eye and aorta at all time intervals studied. In the cornea and aorta, the phospholipid changes are not apparent in the whole tissues, particularly during the first month, but when the diseased areas of these tissues were examined, the increase in phospholipid was readily seen. In contrast, the change in the phospholipid content of the iris and ciliary body could be seen even after 1 month in cholesterol-fed animals.
Attempts to determine the triglyceride content of the eye parts were unsuccessful. Even after 3 months of cholesterol feeding, no significant amount of triglyceride (less than 1 mg/g) could be found. The lack of triglyceride accumulation in eye tissues from cholesterol-fed animals is similar to that found in the diseased aorta (14) . When aortas from rabbits fed 1% dietary cholesterol for 1 and 2 months were compared, there was no difference in triglyceride concentration (17.8 mg/g and 16.9 mg/g, respectively), even though the tissue cholesterol increased from 4.5 mg/g to 23.6 mg/g during this time. In addition, the triglyceride concentration of the atheromatous tissue was approximately one third that of the medial plus adventitial layer in aortas from rabbits fed cholesterol for 2 months.
The results of the present study reveal a similarity to the lipid changes in the cornea, iris, and ciliary body as compared to the aorta. Of particular interest is the increase in tissue phospholipid noted in all of the eye tissues studied. Similar findings with regard to the aortic phospholipid in cholesterol-fed rabbits have been published by Newman and Zilversmit (14) and have been interpreted by them to be a response to cholesterol infiltration, as distinct from simply a reflection of cellular proliferation.
The present study was initiated to ascertain whether the degree of lipid infiltration observed in the corneas of cholesterol-fed rabbits could be used as a reliable index of aortic atherosclerosis. The data, however, showed no correlation between aortic and corneal disease (P>0.10), while a good degree of correlation (P<0.01) existed between the severity of iridic and aortic involvement during the 3-month experimental period. These results support the observation of Friedman and Byers (16) of a relationship between iridic lipid infiltration and aortic atherosclerosis in cholesterol-fed albino rabbits and extend their findings to include a similarity in the lipid changes, determined by chemical analyses, which occur between the two tissues as a result of cholesterol feeding.
